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TECHNIQUE AND RESULTS OF APOLLO 4 SERVICE 

PROPULSION SYSTEMS POSTFLIGHT ANALYSIS 

By John D. Norris and F. Don Freeburn 

SUMMARY 

The performance of the Spacecraft 017 service propulsion subsystem 
during the Apollo 4 mission was analyzed using the Apollo Propulsion 
Analysis Program. A satisfactory correlation of the flight data was 
achieved only for the portion of the burn after crossover (storage tank 
depletion). 
ard inlet conditions resulted in the following values: 

The resulting engine flight performance corrected to stand- 

1. Thrust - 21,503 pounds 

2. Specific impulse - 312.06 seconds 

3. Mixture ratio - 2.007 

These values are 0.01 percent higher, 0.27 percent lower, and 0.37 per- 
cent higher, respectively, than the acceptance test log results (also 
reported at standard inlet conditions). 
above analysis results is estimated to be 0.50 percent for thrust and 
specific impulse and 1.8 percent for mixture ratio. 
the acceptance test values is even greater thus the agreement is well 
within the expected tolerances. 

The uncertainty (3a) of the 

The uncertainty of 

The Apollo 4 service propulsion system operation was nominal, and 
the two detailed test objectives, no-ullage start and long-duration 
burn, were accomplished to a satisfactory degree. 

INTRODUCTION 

Analysis Description 

The Apollo unmanned flight tests are necessary for full qualifica- 
tion of the propulsion systems. If adequately instrumented and properly 
analyzed, these Apollo flights afford the best opportunity to determine 
accurately the integrated engine and system propulsion performance under 
the actual environmental conditions. If this can be accomplished, it 
will provide a greater level of confidence and allow for smaller uncer- 
tainties in planning later flights. 
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In  order t o  accurately determine steady-state propulsion perform- 
ance from f l i g h t  da ta ,  TRW has developed the  Apollo Propulsion Analysis 
Program (APAP). The approach employed f o r  t he  performance analysis 
program i s  a minimum variance estimation technique which correlates  
f l i g h t  data  with ground tes t  r e su l t s .  Applicable f l i g h t  data  which 
per ta in  t o  propulsion system performance are u t i l i zed .  An important 
feature  of the  technique i s  tha t  the  accuracy with which the  parameters 
are determined i s  a l s o  provided. The computer program which embodies 
t h i s  technique i s  general and i s  used fo r  all three  Apollo primary pro- 
pulsion systems ; t h e  service propulsion subsystem (SPS) ¶ descent propul- 
s ion subsystem, and the  ascent propulsion subsystem. 

A propulsion f l i g h t  analysis program tha t  was used extensively on 
the  Thor, A t l a s ,  Titan,  and Minuteman b a l l i s t i c  missile programs had 
previously been developed by TRW. The present Apollo f l i g h t  analysis 
program i s  a ref ined,  more versatile extension of t h e  or ig ina l  b a l l i s t i c  
missile version. Apollo 4 i s  the  first f l i g h t  where the  analysis was 
performed using the  APAP. 
c ra f t  009 and 011) used the  simpler and more special ized or ig ina l  ver- 
sion. 

The analysis of previous SPS f l i g h t s  (Space- 

Service Propulsion Subsystem Mission Description 

The Apollo 4 mission included the  t h i r d  f l i g h t  t e s t  of t he  SPS. 
The primary SPS tes t  objectives were t o  demonstrate a sa t i s fac tory  start  
without a react ion control  subsystem ( R C S )  s e t t l i n g  maneuver and t o  
determine SPS performance during a long-duration burn. The Apollo 4 
mission plan cal led for  two SPS burns; a short  burn of approximately 
16  seconds duration followed by a long burn of approximately 271 seconds 
duration. The no-ullage start w a s  t o  be demonstrated on the  f i r s t  burn, 
and the long burn performance determination objective was t o  be satis- 
f i e d  by t h e  second burn. 

The f irst  SPS burn l a s t ed  16 seconds, with cut-off by guidance and 
Following the  first SPS burn, t he  spacecraft navigation (G&N)  command. 

w a s  d i n e d  t o  a spec i f ic  a t t i t ude  t o  achieve a thermal gradient across 
the  command module heat shield.  Approximately 4-1/2 hours l a t e r  t he  
spacecraft  w a s  reoriented t o  t h e  long burn ign i t ion  a t t i t ude .  
module (SM) RCS ullage maneuver was  i n i t i a t e d  30 seconds pr ior  t o  SPS 
igni t ion.  The second burn ign i t ion  w a s  i n i t i a t e d  by G&N command at 
08:10:54.8, range time. Subsequently, a redundant thrust-on w a s  com- 
manded from the  ground, which disenabled the  SPS thrust-on/off command 
of the  G&N subsystem. The SPS thrust-on ground comand required t h a t  
the SPS thrust-off a lso be commanded from the  ground. The second SPS 
thrust-off was i n i t i a t e d  by ground command at 08:15:35.4. 
duration was 10.1 seconds longer than planned, resu l t ing  i n  a higher 
than planned veloci ty  gain. 

A service 

The burn 
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Subsystem Description 

The SPS consists of th ree  primary subassemblies: (1) engine sys- 
t e m ,  (2 )  propellant storage and feed system, and (3)  pressurizat ion 
system. A functional flow diagram is shown i n  f igure 1. 

The engine system produces a nominal t h rus t  of 21 500 pounds, 
operating at a nominal mixture r a t i o  of 2.0. The combustion chamber is  
ablat ively cooled. The propellants are ear th  s torable  and hypergolic e 

The f u e l  (A-50) i s  a 50/50 blend (by w e i g h t )  of unsymmetrical dimethyl- 
hydrazine and anhydrous hydrazine; t he  oxidizer i s  nitrogen te t roxide 
( N204). The engine bipropellant shutoff valve is  pneumatically actuated 

by gaseous nitrogen. Bolted t o  the  engine chamber is  a nozzle extension 
composed of two columbium sections t o  an area r a t i o  of 40:l and a t i ta-  
nium sect ion t o  t h e  ex i t  (62.5:l) .  Nozzle extension cooling i s  by radi- 
ant heat transfer t o  space. 

Fuel and oxidizer are each contained i n  a set of two cycl indrical  
tanks connected i n  se r i e s .  The downstream tanks are  ca l led  t h e  sung 
tanks and are  d i r ec t ly  connected t o  upstream storage tanks by crossover 
l i nes  and standpipes. Each sump tank ou t l e t  contains propel lant ' re ten-  
t i o n  screens and a propellant re tent ion reservoir  which r e t a in  propel- 
l an t  over the propellant feedline i n l e t  during near zero-g conditions 
and reduce the  propellant s e t t l i n g  time requirements. Thrust from t h e  
SM RCS engines provides f o r  propellant s e t t l i n g  i n  addition t o  t h a t  
maintained by the  above mentioned retent ion devices. 

The helium pressurization supply is  contained i n  two spherical  
pressure vessels at an i n i t i a l  nominal pressure of 4000 ps i a  and ambient 
temperature and i s  i so la ted  from t h e  fue l  and oxidizer tanks during 
engine shutoff by two continuous-duty-operated solenoid valves. 
dual-stage regulators , arranged i n  p a r a l l e l ,  are located downstream of 
the  solenoid valves and provide pressure-regulated helium t o  t h e  f u e l  
and oxidizer tanks. Two sets of check valve assemblies , arranged i n  
ser ies -para l le l  configurations, prevent fuel or oxidizer from entering 
t h e  pressurization system. Pressure r e l i e f  valves prevent overpressure 
i n  the  propellant tanks. Heat exchangers are used i n  the  helium l ines  
t o  condition the  helium t o  a temperature approximately t h a t  of t h e  pro- 
pe l lan t  i n  the  tanks. 

Two 

The following are the  major SPS hardware and flight configuration 
differences from the  two previous missions on which t h e  SPS has flown: 

1. The propellant storage tanks were p a r t i a l l y  loaded. Previous 
f l i g h t s  f l e w  with only propellants i n  the  sump tanks. 
load i n  t h e  storage tank made possible the  longest duration SPS f l i g h t  
burn t o  date ( ~ 2 8 1  seconds). During t h i s  burn, the e f f ec t s  of storage 

The p a r t i a l  
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tank depletion (propellant crossover) on SPS performance could be 
assessed fo r  t he  f irst  time. 

2. Propellant re tent ion screens were i n s t a l l e d  i n  t h e  propellant 
sump tank bottoms which, i n  addition t o  t h e  propellant re tent ion reser- 
voirs  located the re ,  permitted the  f irst  demonstration of a SPS no- 
ullage s t a r t  * 

3. The f l i g h t  combustion s t a b i l i t y  monitor (FCSM) was flown ac t i -  
vated (previously inac t ive)  during the  two SPS burns, though it w a s  
made inoperative in to  t h e  second burn when the  G&N mode of operation 
was overridden by the  backup ground command. 

4. The gaging system w a s  i n  the  primary mode during the  f l i g h t ,  
telemetering only primary gaging data  during each SPS burn. 
mitted the  f irst  opportunity t o  obtain f l i g h t  data  from t h e  primary 
gaging system i n  the  propellant storage tanks. 

This per- 
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SERVICE PROPULSION SUBSYSTEM OPERATION 

The primary propulsion system operated nominally during the  f i r s t  
16-second burn. Data p lo t s  of the  tank, engine i n l e t ,  and chamber pres- 
sures are shown i n  f igures  2 through 4 f o r  t he  f i rs t  burn. The second 
burn a l so  indicated nominal operation with the  pressures reading approx- 
imately t h e  same as f o r  t he  f irst  burn and holding steady u n t i l  cross- 
over (storage tank depletion) which occurred about 80 and 81 seconds 
in to  the  second burn fo r  oxidizer and fue l ,  respectively.  During cross- 
over, the  engine i n l e t  and chamber pressures rose as expected and were 
then steady through the  remainder of the  burn. Data p lo t s  of t h e  tank,  
engine i n l e t ,  and chamber pressures are shown i n  figures 5 through 7 
for  the  second burn. I n  addition, p lo ts  of data from t h e  gaging system 
are shown i n  f igures  8 and 9 f o r  the  second burn. 
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STEADY-STATE ANALYSIS PROCEDURES 

Analysis Technique 

The major e f f o r t  fo r  t h i s  report  was concentrated on determining 

The program u t i l i z e s  a minimum variance esti- 
t he  SPS performance during t h e  Apollo 4 mission. This w a s  accomplished 
by u t i l i z i n g  t h e  APAP. 
mation technique i n  conjunction with per t inent  data from t h e  f l i g h t  and 
from previous s t a t i c  tes ts ,  i n  addition t o  t h e  physical l a w s  which 
describe the  behavior of t he  propulsion/propellant systems and t h e i r  
interact ions with the  spacecraft .  The program embodies e r ror  models 
f o r  t h e  various f l i g h t  and s t a t i c  tes t  data  t h a t  are used as inputs ,  
and by i t e r a t i o n  methods, arr ives  at estimations of t he  system perform- 
ance h is tory ,  i n i t i a l  propellant weights, and spacecraft weight which 
"best" (minimum variance sense) reconcile the  available data.  The 
technique i s  t o  determine the  coeff ic ients  of the  propulsion and propel- 
l a n t  systems performance parameters i n  the  e r ror  model t ha t  minimizes 

t h e  quantity X . 2 

m n  

x* = c (Zi j*  - zij)2 
2 i=l j=1 0 

i j  

where X2 = a function t o  be minimized 

Zij* = a f l i g h t  t e s t  data point 

= value corresponding t o  the f l i g h t  t e s t  data calculated by 
the  simulation model 'i j 

(J = a p r i o r i  estimate of t he  standard deviation of t h e  data 
i j  point 

m = the  number of data measurements used 

n = t h e  number of data points per measurement 

The key t o  a successful pos t f l igh t  analysis i s  the  extremely accu- 
rate thrus t  acceleration tha t  can be calculated from t h e  Apollo guidance 
computer (AGC) AV data. 
present,  it i s  estimated tha t  the  acceleration during t h e  f l i g h t  was de- 

termined within k0.02 f t / s e c  . 
Assuming t h a t  there  were no unknown biases  

This would r e s u l t  i n  an accuracy of 2 
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approximately 0.10 percent,  which i s  more than an order of magnitude bet-  
t e r  than any other propulsion measurements. From t h e  accelerat ion data ,  
t he  t i m e  h i s tory  of the  r a t i o  of t h r u s t  t o  weight can be determined. 
F i t t i n g  t h i s  r a t i o  with the  other  sources of information previously men- 
t ioned and adjusting t h e  i n i t i a l  conditions and measurements according t o  
t h e i r  estimated sigmas i n  an i t e r a t i v e  procedure r e su l t s  i n  a converged 
condition which represents t he  best  estimate of t he  t r u e  state. 

The program r e s u l t s  presented i n  t h i s  report  were based on s i m u l a -  
t ions  using data  from the  f l i g h t  measurements l i s t e d  i n  t ab le  I. 

Data Sources 

Propellant loaded.- The oxidizer storage tank w a s  f i l l e d  by over- 
flowing t h e  sump tank through the crossover l i n e  a t  a flow r a t e  of 
approximately 60 gal/min. 
entrained by the  oxidizer t h a t  w a s  being t ransfer red  and resu l ted  i n  a 
sump ul lage pressure decrease .with a corresponding propellant l e v e l  
r i s e  of about 3 inches above the  standpipe i n  the sump tank. A s  a 
consequence, more oxidizer w a s  loaded than planned. Based on t h e  anal- 
y s i s  of t he  storage tank primary gaging system, the  sump tank propellant 
l e v e l  w a s  ra i sed  a t  pressurizat ion approximately 6 inches above the  
standpipe. 
primary gaging probe. 
approximately 2 cubic f e e t .  

The trapped sump helium ul lage gas w a s  being 

This l e v e l  w a s  above the  maximum gageable l e v e l  of t he  sump 
The oxidizer sump ul lage volume w a s  reduced by 

The f u e l  storage tank servicing r a t e  w a s  reduced from 60 t o  15 gal /  
min. 
The resu l t ing  propellant loading w a s  as follows. 

This a l lev ia ted  the  helium entrainment problem on the  fhel s ide.  

a Includes gageable and nongageable quant i t ies  . 
Propellant densi t ies . -  Eight N 0 density samples at 39.2' F were 2 4  

measured from propellants used t o  service the  SPS and RCS. It w a s  not 
known which samples were f o r  SPS and which samples were f o r  RCS; however, 
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since there  was  very l i t t l e  variance between the  samples, t he  average 

value w a s  used. 

39.2' F. 

f o r  A-50 was 0.90047 g/ml (56.215 lbm/ft ) at  7 7 O  F. The standard den- 
s i t y  equations as a function of temperature were sh i f t ed  t o  r e f l e c t  t h e  
measured density value. 

3 The mean f o r  N204 w a s  1.4830 g/ml (92.581 l b m / f t  ) at  

Three A-50 density samples f o r  the  SPS were analyzed. The mean 
3 

The resu l t ing  equations were 

= 95.64 - 0.078035(T) + 0.000699(~ - 14.7) 
%X 

= 58.66 - 0.031838(T) + O.OOO368(P - 14.7) p fu  

The problem of determining the  f l i g h t  densi t ies  f o r  t h e  Apollo 4 
SPS analysis is  magnified by the  absence of a l l  d i rec t  propellant t e m -  
perature measurements from t h e  operational telemetry (TM) l i s t .  

The ambient air temperatures f o r  1 2  hours pr ior  t o  launch were ob- 
ta ined from Kennedy Space Center (KSC) , and were 6 7 O  F. 
temperatures are assumed equal t o  t h e  mean ambient air temperature, both 
the  oxidizer and f u e l  temperature would be approximately 6 7 O  F. 
recorder data recorded during boost f o r  measurements SP2075, ~ ~ 2 0 7 6  , 
SP2077, SP2078, which measure helium temperature i n  and out of t h e  oxi- 
dizer  and f'uel heat exchangers , respectively , were indicating approxi- 
mately 68' F f o r  oxidizer and 72O F f o r  fuel. During boost there  i s  no 
helium flow, and it is  reasonable t o  assume these measurements should 
read approximately the temperature of the  propellant i n  the  respective 
heat exchanger. These, however, are l o c a l  temperatures and may not be 
representative of the  bulk temperatures. The helium b o t t l e  l i n e  ou t l e t  
temperature indicated a reading of about 85' F. This value i s  somewhat 
i n  conf l ic t  with the  other available measurements. There were t o  be two 
Structures and Mechanics Division temperature measurements on the f u e l  
propellant tanks; however, these measurements were moved. It w a s  
planned tha t  these measurements would be the  prime source of information. 

If the  propellant 

Tape 

A f t e r  considering the  above data, it w a s  decided t o  assume a t e m -  
perature of 70' F for  both propellants fo r  t h i s  report .  
and the  nominal in te r face  pressures,  t he  following densi t ies  were cal- 
culated f'rom the  density equations and used fo r  t h i s  analysis 

Using 70' F 

3 = 90.28 lbm/ft 
P O  

= 56.49 l b m / f t  3 
P f  
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It should be emphasized tha t  propellant densi t ies  strongly a f fec t  
the performance analysis ,  ar+d the absence of d i r ec t  propellant tempera- 
t u re  measurements compromises the  estimate? of the  densi t ies  thereby 
decreasing the  confidence i n  the  analysis r e su l t s .  

Data Refiuct ion 

Upon receipt  of the AS-501 s t a t ion  data tapes ,  the  Data Reduction 
Center processed t h e  tapes and produced a phase I tape.  
i s  band passed, w i l d  po is t  edi ted,  quant i f ied,  and packed onto a 
Univac 1108 compatible binary tape,  
i s  the  guidance computer word which is  put Qut on a separate tape i n  the  
standard AGC down-link l i s t  format. These tapes are supplied t o  the  
Primary Propulsion Branch by the  Computa$iQn and Analysis Division. 

The phase I tape 

Also s t r ipped off t he  phase I tape 

The Univac 1108 binary tape is then processed through a decomuta- 
t i o n  program which produces a r a w  da ta  tape.  
using an orthogonal polynominal s l i d ing  4.r~ f i l t e r  and s l i ced  at a sample 
r a t e  su i tab le  f o r  input t o  the  analysis pragram. 
smoothed data w e r e  p lo t ted  on Calcomp p lo t t e r s .  

The r a w  data  were smoothed 

The raw data  and 

The guidance computer data are a l s ~  special ly  proces$ed. The data, 
which are  i n  the  form of veloci ty  igcrement counts, are f irst  edi ted t o  
eliminate bad da ta ,  and than the  data  &re scaled,  biased, smoothed, 
s l i ced ,  and converted t o  acceleya-bioa. 
merged w i t h  the  smoothed propulsion system data. 
i s  the input tape t o  the  analysis program. 

The acceleration data are  
T h i s  resu l tan t  tape 

STEADY-STATE PEWORMANCE 

Analysis Program Results and Critique of Analysis 

The f irst  burn was  of insuf f ic ien t  duration t o  allow a meaningful. 
analysis t o  be performed. 
during the  f irst  burn appeared questionable. 
u la te  t he  en t i r e  steady-state portion of t he  second burn. The results 
(correlat ion between model predicated value and actual  data) were con- 
sidered t o  be of an unsatisfactory nature,  
countered i n  attempting t o  model crossover. There was no consistency i n  
the  flight data between the  storage and sump tank gaging system and sys- 
tem pressures as t o  when crossover occurred. In  ad-dition, the  storage 
tank gaging system data again weye questionable. 
discussed i n  greater  d e t a i l  i n  a laSer sec t ion . )  
cluded the  poss ib i l i t y  of accurately determining the  performance p r io r  
t o  crossover. A sa t i s fac tory  simuJ.ation vas obtained during the 

In additidn, the  data from the  gaging system 
Attempts were made t o  s i m -  

Special problems were en- 

(The gaging system i s  
These problems pre- 
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steady-state period after storage tank depletion (crossover) t o  cut-off 
at the  second burn. Attempts t o  simulate the en t i r e  second burn satis- 
f ac to r i ly  are  being continued. 

The r e su l t s  of t h e  simulation using the  APAP are  contained i n  
t ab le  I1 ( iden t i f i ed  as analysis r e s u l t s )  and are shown i n  
f igures  10  through 13. The analysis w a s  performed of t he  170-second 
portion (08:12:40 or 29 560 seconds range t i m e )  from 105 t o  275 seconds 
(08:15:30 or 29 730 seconds range time) of the  second SPS burn following 
crossover. The values indicated i n  table I1 are for 185 seconds a f t e r  
t he  second SPS igni t ion  (08:14:00 or 29 640 seconds range t i m e )  and are  
representative of the  values throughout t he  period of t he  burn analyzed. 
These results are the best estimates of t h e  actual  conditions i n  f l i g h t  
and are not corrected t o  standard i n l e t  conditions. 

Figures 1 4  through 17 show analysis program output p lo ts  which 
represent the residuals  or differences between the  actual  f l i g h t  data 
and program calculated values. Also presented i n  these figures are the  
ac tua l  f l i g h t  data.  These f igures  represent acceleration chamber pres- 
sure, oxidizer sump tank gaging system, and fue l  sump tank gaging system, 
respectively.  A strong indication of the  accuracy of t h e  analysis pro- 
gram simulation can be obtained by comparing the  thrus t  acceleration 
calculated i n  the  simulation t o  tha t  derived from the  AGC AV data trans- 
mitted via measurement CG0001V. Figure 1 4  shows the  thrus t  acceleration 
during the  portion of t h e  burn analyzed, as derived from the  AGC data, 
and shows the  res idua l  e r ror  between the  AGC and program calculated 
values. The residual  e r ro r  t i m e  his tory i s  seen t o  have essent ia l ly  a 
zero mean and l i t t l e ,  i f  any, discernible trend. This indicates that 
the  simulation i s  r e l a t ive ly  valid, although other factors  must a l so  be 
considered i n  giving a c r i t ique  of t he  simulation. 
ure 1 5 ,  the  analysis program calculated a chamber pressure approximately 
0.7 ps i a  higher than t h a t  measured i n i t i a l l y .  The differences narrowed 
unt i l  both were about equal after 170 seconds. This difference is  wel l  
within the  accuracy of the transducer. Modifications made i n  the  
transducer mounting t o  correct problems associated with the  thermal en- 
vironment t h a t  appeared i n  the  AS-202 data were apparently sa t i s fac tory .  
The sump tank oxidizer gaging system data exhibited close agreement w i t h  
the  calculated oxidizer depletion r a t e  ( f ig .  1). There was  a difference 
between the  two fue l  depletion values of about 40 pounds over t h e  period 
analyzed ( f i g .  17) .  

A s  shown i n  f ig-  

The program simulation indicated tha t  small biases existed i n  t h e  
oxidizer and fuel i n l e t  pressure measurements of approximately 1.11 and 
0.05 ps i a ,  respectively.  The simulation ver i f ied  the  i n i t i a l  estimate 
of t he  spacecraft  weight, requiring only a 31-pound adjustment t o  the  
Apollo Spacecraft Program Office (ASPO) supplied value. 
adjustment of -151 pounds oxidizer and -114 pounds f u e l  w a s  made i n  the  
i n i t i a l  input of propellant weights fo r  t he  a n d y s i s  at 105 seconds in to  

A s izable  
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t he  second burn, Possible causes of t h i s  adjustment could be uncertain- 
t i es  i n  the  propellant loading, uncertaint ies  i n  the  gaging system, 
uncertaint ies  i n  propellant temperature (and thus propellant density) 
and possible e r rors  i n  extrapolating from t h e  i n i t i a l  loaded weights t o  
the  ac tua l  burn time analyzed, 

As previously discussed, t h e  lack of T/M propellant temperature 
measurements precludes an accurate determination of propellant dens i t ies ,  
which decreases confidence i n  t h e  simul'ation s ince propellant dens i t ies  
strongly a f f ec t  t h e  simulation. The lack of point sensor data (auxiliary 
propellant u t i l i z a t i o n  and gaging subsystem (PUGS) ) a lso  compromises 
the  simulation somewhat by magnifying one of t he  most d i f f i c u l t  analysis 
problems , t h a t  of determining propellant flow ra t e s  e 

A l i s t i n g  of t h e  input deck t o  t h e  APAP i s  provided i n  t h e  appendix, 

Steady-State Performance Evaluation and Comparisons 

The engine acceptance t e s t s  are conducted i n  order t o  determine t h e  
performance of t he  engine segregated from the  feed system. This enables 
engines t o  be evaluated on t h e i r  own m e r i t ,  and provides a common basis  
on which t o  compare engines. It w a s  determined from the  a n d y s i s  of t he  
Apollo 4 f l i g h t  t ha t  t he  SPS engine perform$nce, corrected t o  standard 
i n l e t  conditions, yielded a t h r u s t  of 21 503 pounds, a spec i f ic  impulse 
of 312.06 seconds, and a mixture r a t i o  of 2.007. The uncertainty (30) 
of these r e su l t s  is estimated t o  be 0,50 percent fo r  th rus t  and spec i f ic  
impulse and 1.8 percent f o r  mixture r a t i o .  These values of t h r u s t ,  spe- 
c i f i c  impulse, and mixture r a t i o  are  0.01 percent higher,  0.27 percent 
lower, and 0,37 percent higher,  respectively,  than reported i n  t h e  Ac- 
ceptance T e s t  Log for-Test  Number 3.5-07-DPA-029 on engine s e r i a l  num- 
ber 0000031. These differences are  within the  expected ranges. The 
standard i n l e t  conditions performance values reported herein were cal- 
culated for  the  following conditions : 

1. Oxidizer in te r face  pressure,  164 ps i a  

2. Fuel interface pressure,  170 ps ia  

3. Oxidizer interface temperature, 70' F 

4. Fuel in te r face  temperature, 70' F 

3 5. Oxidizer density,  90.15 I b m / f t  

3 6. Fuel density,  56*31 lbm/ft 
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Spacecraft 

AS-202 

AS-501 

7 .  Thrust accelerat ion,  1.0 

' North American-Rockwell 
reported standard Corrected t o  

conditions , 
Actual f l i g h t  inlet 

values, i n l e t  condition values 
sec from acceptance t e s t  sec sec 

310.4 311.54 312.8 
311.76 312.06 312 e 9 

2 8. Throat area ( i n i t i a l  value) , 121.66 i n  

The analysis program-calculated ac tua l  f l i g h t  values are also compared 
i n  tab le  I1 t o  the  integrated feed/engine systems predicted f l i g h t  values 
as reported i n  In te rna l  Note MSC-EP-R-67-33 , AS-501 Service Propulsion 
System Pref l igh t  Report, dated October 11, 1968. The analysis r e s u l t s  
of t h r u s t ,  spec i f ic  impulse, and engine mixture r a t i o  were within 0.38, 
0.07, and 1.00 percent,  respectively,  of t h e  predictions.  These differ-  
ences are considered acceptable and w e l l  within the  expected tolerances.  

A similar analysis of t he  SPS performance fo r  AS-202 was performed 
by TRW. The analysis program used was  considered the  predecessor of t h e  
present analysis program with bas ica l ly  the  same techniques involved. A 
comparison of t he  spec i f ic  impulses f o r  t he  two f l i g h t s  are as follows: 

The operational t ra jec tory  was generated using a constant steady- 
state th rus t  of 21 500 pounds , a spec i f ic  impulse of 312.8 seconds, a 
mixture r a t i o  of 2.0. 
cent , and 0.50 percent, respectively,  of t h e  program calculated values 
during t h e  portion of the  long burn analyzed. 

.ever, especial ly  i n  t h r u s t ,  would ex i s t  p r ior  t o  crossover s ince t h e  
operational t ra jec tory  model did not include the  increase i n  th rus t  (ap- 
proximately 600 pounds) t ha t  occurs at crossover. 

These values are within 0.40 percent,  0.35 per-.  

Larger differences,  how- 

GAGING SUBSYSTEM ANALYSIS 

The propellant u t i l i z a t i o n  and gaging subsystem (PUGS) was operated 
A bias i n  the  PUGS for i n  t he  primary mode during t h e  Apollo 4 mission. 

t h e  sump tanks ex i s t s  because of a difference i n  l iqu id  leve ls  i n  the  
propellant sump tanks and inside the  gaging system s t i l l w e l l .  The s t i l l -  
well  i s ,  i n  essence, a manometer and balances the  pressure a t  t he  bottom 
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of t he  s t i l l w e l l  with a f l u i d  head. Under nonflow conditions, t h i s  f l u i d  
head equals t h e  l e v e l  of propellant i n  the  tank. 
pe l lan t  i s  flowing, t he  f l u i d  head i n  the  s t i l l w e l l  i s  reduced by the  
dynamic head of t h e  propellant flowing by the  bottom of the  s t i l l w e l l  
through the  zero-g retent ion reservoir.  

However, when t h e  pro- 

The storage.tank gaging system reading at the  beginning of t he  f irst  
burn w a s  200 and 275 pounds higher than the  reported KSC pad values f o r  
oxidizer and f u e l ,  respectively.  The f irst  burn w a s  a no-ullage start .  
The storage tank gaging system was very e r r a t i c  fo r  both f u e l  and oxi- 
dizer  during the  first burn and could have been affected by propellant 
slosh i n  t h e  storage tanks.  
t he  same for t h e  first burn shutdown and second burn ign i t ion .  During 
the  second burn ( f ig s .  8 and 9 )  
dizer  exhibited "sawtooth" s h i f t s  and at depletion had a +lOO-pound b ias .  
A f t e r  depletion, a de f in i t e  drift was observable. 

The storage tank gaging system readings were 

the  storage tank gaging system f o r  oxi- 

The sump tank values agree with the  reported KSC pad values when t h e  
dynamic b ias  i s  accounted fo r  on the  f irst  burn. Between the  f i rs t  and 
second burns, s h i f t s  of +l5O and i-35 pounds were noted i n  the  sump tank 
readings f o r  oxidizer and fue l ,  respectively.  After storage tank deple- 
t i o n  (crossover) ,  t he  sump tank gaging probes seem t o  indicate  a l ag  i n  
response. The gaging output w a s  constant u n t i l  approximately 4 seconds 
after crossover as indicated by engine i n l e t  pressure increase. After 
the  sump probes would start  t o  respond, an unusually high propellant 
f l a w  rate w a s  indicated fo r  about 16 seconds f o r  oxidizer and 6 seconds 
fo r  fuel. 
mainder of the  burn. The observed charac te r i s t ic  i s  apparently caused 
by t h e  f a c t  t h a t  i n i t i a l l y  the  levels. i n  the  sump tank are above t h e  
cy l indr ica l  sect ion and are i n  the  spherical  par t  of the  tank. 
of t he  dynamic flow b i a s ,  t he  probe senses a lower l e v e l  which, based on 
the  shaping of t h e  probe, i s  associated with a la rger  cyl indrical  tank 
diameter. Since t h e  probe i s  really sensing a height 'change, t h e  appar- 
ent  flow rate i s  high u n t i l  t he  propellant levels  reach the  cy l indr ica l  
sect ion of t h e  tanks. 

The values then s t ab i l i zed  and decreased l inear ly  f o r  t he  re- 

Because 

During sump tapk depletion, after s t ab i l i za t ion ,  t h e  gaging system 
r e s u l t s  appeared normal. 
system, after accounting fo r  t h e  bias change with acceleration, agreed 
with the  performance calculated flow r a t e  almost exactly and t h e  f u e l  
f l a w  rate within 1.0 percent ( f i g s .  16 and 17) .  
values were lower than the  calculated performance values. 

The oxidizer flow r a t e  derived from the gaging 

The f u e l  gaging system 

The AS-202 analysis was  performed using the  auxi l iary gaging system 
(point sensors).  Study cases were made, however, using the  primary gag- 
ing system i n  which p lo t s  comparable t o  figures 16 and 17 were generated, 
There w a s  a s t r ik ing  similari%y between the  charac te r i s t ics  of t h e  pr i -  
mary gaging system residuals  for AS-202 and AS-501. From f igures  16  and 
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17, about a 20-pound s h i f t  i n  t he  oxidizer gaging system at 29 645 sec- 
onds range time i s  evident. Similar s h i r t s  occurred i n  the  AS-202 gaging 
system data  at the  same l e v e l  on the probes. The slopes of t he  oxidizer 
and f u e l  res iduals  were a l so  similar. This would indicate  tha t  t he  s h i f t  
is  not due t o  increased propellant usage but a hardware associated s h i f t .  

Tests conducted at White Sands T e s t  Fac i l i t y  (WSTF) on both Block I 
and Block I1 tes t  vehicles indicate  tha t  during propellant crossover 
(two tank loading) ,  more propellant w a s  being t ransferred t o  the  sump 
tank from the  storage tank than t o  the  engine, with a resu l t ing  increase 
i n  propellant l e v e l  i n  the  sump tank. 
phenomenon has been found. The sump tank gaging system before crossover 
during t h e  Apollo 4 mission did not show a l eve l  r ise,  indicat ing t h a t  
it i s  a problem peculiar t o  WSTF t e s t ing .  There w a s  a s m a l l  r ise i n  sump 
tank gaging read-out before crossover; however, it w a s  due t o  t h e  previ- 
ously mentioned gaging b ias  i n  the  sump tank. The bias  is  inversely 
proportional t o  acceleration. The acceleration increase during t h e  burn 
reduces t h e  b ias  which raises the  l eve l  i n  the  gaging system s t i l l w e l l ,  
indicat ing a higher reading. The actual  propellant l eve l ,  however, does 
not change. 

No adequate explanation f o r  t h i s  

The results of the  PUGS analysis on AS-501 indicates t h a t  t h e  opera- 

Because of t h i s ,  t he  most r e l i ab le  
t i o n  w a s  f a i r l y  normal with the exception of exhibited tendencies t o  
drift or s h i f t  during "off" periods. 
information t o  be gained is  propellant depletion during long burns ra ther  
than absolute propellant magnitudes. 

PRESSURIZATION SYSTEMS 

Both SPS pressurization systems operated nominally throughout t he  
mission. 
nominal helium consumption during both SPS burns and no indication of 
helium leakage during t h e  intermediate coast period. Gaseous nitrogen 
b o t t l e  pressures and the  propellant b a l l  valve t races  indicated t h a t  both 
gaseous nitrogen valve banks operated nomindly during the  two SPS burns 
and no pressure loss occurred during the  coast period. 

H e l i u m  b o t t l e  pressure and temperature data  showed a constant 

ENGINE TRANSIENT ANALYSIS 

An analysis of the  start and shutdown t rans ien ts  w a s  performed t o  
determine the  t rans ien t  impulse and time-variant performance character- 
i s t i c s  during the  Apollo 4 mission and t o  ascer ta in  the  effectiveness 
of the  no-ullage start .  The r e su l t s  of t h i s  analysis,  which encompassed 
t h e  t rans ien t  regimes f o r  both SPS burns, are  summarized i n  t ab le  111. 
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Engine acceptance tes t  data ,  specif icat ion requirements, and previous 
spacecraft  f l i g h t  data  were employed t o  provide bet ter  insight  i n t o  the  
meaningfulness of the  Apollo 4 f l i g h t  test r e su l t s  and the  appl icabi l i ty  
thereof t o  subsequent f l i g h t  development missions and the  lunar landing 
mission. S t a r t  and shutdown t rans ien t  p lo t s  of chamber pressure are 
shown i n  f igures  18 through 21. 

All t rans ien t  specif icat ion c r i t e r i a  appeared s a t i s f i e d ,  except f o r  
chamber pressure overshoot during start  and impulse repea tab i l i ty  f o r  
shutdown. The chamber pressure overshoot phenomenon, as w i l l  be dis- 
cussed later i n  t h i s  sect ion,  appears t o  cor re la te  with the  rapid re- 
sponse rates which are  charac te r i s t ic  of t he  Apollo 4 SPS bipropellant 
valves, ra ther  than with the  conditions imposed by a no RCS ullage set-  
t l i n g  start .  The 995 lb-sec shutdown impulse repea tab i l i ty  determined 
for Apollo 4 appears at least p a r t i a l l y  explained by the  uncertainty as- 
sociated with determining the  t i m e  of the  manually directed shutdown 
command s ignal .  Ascribing an uncertainty of 0.10 second t o  the  receipt  
of s igna l  by the bipropellant valve on the  second burn would assure re- 
pea tab i l i ty  t o  within t h e  lr300 lb-sec specif icat ion.  

The techniques u t i l i z e d  i n  evaluating t h e  SPS t rans ien t  performance 
and behavior charac te r i s t ics  during t h e  Apollo 4 mission are  detailed i n  
the  ensuing text. 

Due t o  a manual cut-off s igna l  f o r  the  second burn, veloci ty  gain 
data from t h e  guidance system could be calculated only f o r  t he  f irst  burn 
cut-off. 
t i m e  of 12 502.56 ( 0 3  :28 : 22.56) seconds. 
weight a t  t h i s  t i m e  w a s  50 615 lbm.. 
time in t eg ra l  as follows 

It w a s  calculated t o  be 7.07 f t / s e c  referenced t o  a cut-off 
The estimated average vehicle 

Impulse is  defined as the  thrust-  

tF=O 
I =  Fdt 

C / O  

Inser t ing F = ma and assuming the  mass is  approximately constant during 
cut-off, t he  following i s  obtained 



where I = cut-off impulse, lbf-sec 

F = t h rus t  lbf 

t = time, sec 

m = t o t a l  vehicle mass, lbm 

W = t o t a l  vehicle weight, lbm 

a = th rus t  acceleration, f t / s e c  2 

2 = conversion fac tor ,  lbm f t / lbf-sec gc 

V = t h rus t  veloci ty ,  f t / s e c  

From equation ( 2 )  the  cut-off impulse f o r  t he  first burn can be calcu- 
l a t e d  as follows 

I = (7 .07)  = 11 120 lbf-sec 32.174 

Since veloci ty  gain i s  not measured during engine starts, and s ince 
the  veloci ty  gain was not avai lable  fo r  the  second burn cut-off, the  
chamber pressure data were used t o  approximate the  re la ted  impulses. 
r e l a t ion  useti i s  as follows 

The 

tF=O tF=O 
I =  Fdt = C P A dt  = CfAt Pcdt f c t  

c/o c 10 

and At are assumed constant during the  t rans ien ts .  
cf where 

Cy = t h rus t  coeff ic ient  (dimensionless ) 

2 At = throat  area, i n  

(3) 

2 Pc = chamber pressure,  l b f / i n  
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In  calculat ing the  t rans ien t  impulses, t he  value of C f 9  of ten used 

cf when t rans ien t  t h rus t  data are not avai lable ,  i s  t h e  steady-state 

value. The ac tua l  value of Cf i s  great ly  influenced by the  mixture 

r a t i o  and the  chamber pressure,  both of which are  rapidly changing dur- 
ing the  start  and cut-off periods. Cf 
i s  thus admittedly poor. To improve the  estimate of t he  t rans ien t  im-  
pulse,  t he  value of t o  be used fo r  a l l  other t rans ien ts  w a s  deter- 

mined by applying equation (3) t o  the  cut-off impulse determined by the  
veloci ty  gain during the  f irst  burn 

Using the  steady-state value of 

Cf 

= 1.855 I - - 11 120 Cf = 
121.57 x 49.32 

Applying equation ( 3 ) ,  t he  following r e su l t s  were obtained. 

1. F i r s t  burn start impulse from FS-1 t o  90 percent steady-state 
th rus t  

I = CfAtSPcdt 

I = (1.855)(121.66)(0.8421) 

= 190.0 lbf-sec 

The measured time in t e rva l  was 

A t  = 0.41 sec 

2. F i r s t  burn cut-off impulse from FS-2 t o  10 percent steady-state 
th rus t  

I = (1.855>(121.57)(47.43) . 

= 10 TOO lbf-sec 
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The measured t i m e  i n t e rva l  was 

A t  = 0.80 sec 

3. Second burn start  impulse from FS-1 t o  90 percent steady-state 
t h r u s t  

I = (1.855 ) (121.57) (1.5748) 

= 355.1 lbf-sec 

The measured t i m e  i n t e rva l  w a s  

A t  = 0.35 s,ec 

4. 
s tate th rus t  

Second burn cut-off impulse from FS-2 t o  10  percent steady- 

I = (1.855>(120.43>(56.7848) 

= 12 680 lbf-sec 

The measured t i m e  i n t e rva l  was 

A t  = 0.89 sec 

The average s t a r t  impulse i s  272.6 lbf-sec with an average t i m e  of 
0.38 second. 
average t i m e  of 0.85 second. 

The average cut-off impulse i s  11 690 lbf-sec with an 

In  generating operational t r a j ec to r i e s  the  FS-1 t o  90 percent s t a r t  
impulse i s  normally used along with the  steady-state values and shutdown 
impulse. The impulse produced by the chamber pressure overshoot was a l so  
calculated. For t he  first burn the  overshoot impulse w a s  1861 lbf-sec 
and 1040 lbf-sec fo r  the  second burn. These values are  qui te  s ign i f icant  
when compared t o  the  start  impulse, and it may be desirable  t o  account 
f o r  the  addi t ional  overshoot impulse when generating operational t ra jec-  
t o r i e s ,  pa r t i cu la r ly  fo r  a series of short  burns. 



If the  shutdown impulse i s  taken from FS-2 t o  th rus t  = 0.0, t he  
following values a re  obtained. 

1. F i r s t  burn impulse from FS-2 t o  th rus t  = 0.0 

I = (1.855)(121.57)(49.32) 

= 11 120 lbf-sec 

2. Second burn impulse from FS-2 t o  th rus t  = 0.0 

= 13.070 lbf-sec 

The chamber pressure overshoot during the  first burn start tran- 
s i en t  was observed t o  be 49.5 percent above the  nominal steady-state lev- 
e l .  Current specif icat ions l i m i t  t h i s  overshoot t o  20 percent; however, 
it has been exceeded on a11 SPS f l i g h t s .  Table I V  delineates t h e  chamber 
pressure overshoot and valve response t i m e s  denoted on these f i r s t  three 
spacecraft development missions. It should be noted t h a t  t he  f l i g h t  
chamber pressure measurement i s  sampled a t  100 samples per  second and 
has a nominal range of 0 t o  150 psia .  It is  possible t h a t  the  maximum 
chamber pressure reading i s  not being indicated.  On f igure 18, two data 
samples a t  about 150 ps i a  are a t  t h e i r  m a x i m u m  range. The "X's" shown 
on the  p l o t  have no significance and are a function of t he  machine plot-  
ter. The chamber pressure transducer w a s  mounted d i f fe ren t ly  fo r  Space- 
c r a f t  017 than f o r  the  previous mission, and t h i s  could a f fec t  t he  
pressure indications.  A ground t e s t  program w i l l  be conducted t o  deter- 
mine whether the  indicated overshoot i s  p a r t i a l l y  due t o  instrumentation 
inaccuracies or whether it is  t o t a l l y  charac te r i s t ic  of the  start .  

Analyses of t he  Apollo 4 first  SPS s t a r t  regimes indicate  t h a t  t he  
49.5-percent chamber pressure overshoot d id  not appear t o  be l inked t o  
the no-ullage start .  Although the  second s tar t ,  which was preceded by 
an ullage maneuver, was characterized by a 15-percent lower overshoot, 
t h i s  reduction appears explained by the  slower responding valves on the  
la t te r  burn, A s  observed, t he  t a b l e  I V  data ind ica te  a reasonably l i nea r  
correlat ion between response time of the  leading valve and chamber pres- 
sure overshoot f o r  t he  f irst  burn t rans ien ts  of th ree  missions. Nor- 

m a l l y ,  t he  numbers one and four valve t r a v e l  t i m e s  a re  0.6 + O e 2  -oeo5 second 

( d r y )  with the  numbers two and three  valve t i m e s  being 0.325 f O e l  second 
( d r y ) .  
p a r a l l e l  with the numbers three and four valves which are i n  s e r i e s ,  

Since valves one and two are  i n  s e r i e s  and the  combination i n  



t h e  numbers one and four valves are normally control l ing i n  terms of 
chamber pressure r ise r a t e .  
response was s ign i f icant ly  faster. It appears t h a t  t h i s  rapid response, 
i n  t u rn ,  i nc i t ed  the  excessive overshoot. 
made regarding overshoot u n t i l  t he  ground t e s t  study is  completed. 

As  shown i n  tab le  I V  the  number four valve 

No f i n a l  conclusions' can be 

DETAILED TEST OBJECTIVES 

A s  an in t eg ra l  phase of data acquis i t ion processes necessary p r io r  
t o  committal of t h e  SPS t o  subsequent manned f l i g h t s  and/or t h e  lunar 
landing mission, detai led tes t  objectives were outlined f o r  t he  Apollo 4 
mission. 
t i o n  of data  t o  ce r t i fy  the  SPS f o r  manned operations and contribute t o  
a successful lunar mission. Objectives peculiar t o  t h e  propulsion sub- 
system w e r e  P3.2 (SPS No-Ullage S t a r t )  and P3.3 (SPS Long Duration 

These objectives provided a systematic opportunity for acquisi- 

1 Burn). 

An examination has been made of t h e  Apollo 4 pos t f l igh t  analysis 
results, discussed i n  the  preceding sect ions,  i n  view of t h e  success 
cr i ter i .a  (SC) specif ied i n  these objectives . Discussion of these c r i -  
t e r ia  i s  presented i n  the  following sections.  

No-Ullage S t a r t  

This objective w a s  intended t o  demonstrate t h a t  a SPS start can be 
s a t i s f a c t o r i l y  performed i n  a zero-g environment with no RCS ullage set- 
t l i n g  maneuver when the  sump tanks a re  full. Five c r i t e r i a  were speci- 
f i e d  i n  t h e  mission requirements f o r  determining the  success or f a i lu re  
of t h i s  objective.  These requirements and the  pos t f l igh t  analysis of 
the  mission are  shown i n  t ab le  V. Pos t f l igh t  analyses indicated t h a t  of 
the  f i v e  success c r i t e r i a ,  four were successful. The failure of the  sys- 
t e m  t o  meet SC number 5 ( M a x i m u m  Chamber Pressure Overshoot) is  not con- 
sidered t o  be s igni f icant  since t h i s  c r i t e r i o n  has been exceeded on a l l  
SPS f l i g h t  starts (Transient Analysis sect ion discussion) e The magnitude 
of t h e  overshoot i s  considered t o  be a function of t he  valve response 
times ra ther  than the  no-ullage start.  

~~ 

.?NASA Report "Apollo 4 and 6 Mission Requirements (501/017/LTA-lOR 
and 502/020/LTA-2R), Unmanned Supercircular Reentry," dated September 27, 
1967. 
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For SC number 3, the interface pressures are not measured. From 
measured engine i n l e t  pressures,  t he  interface pressures were calculated.  
The specif ied in te r face  pressures were incorrect  and, i n  addition, rep- 
resent values fo r  a f t e r  crossover. After making t h e  necessary adjust- 
ments, t he  c r i t e r ion  was sa t i s f i ed .  

Fl ight  t es t  da ta  f o r  t he  first burn showed no symptoms of helium 
ingestion, demonstrating t h e  effectiveness of t he  propellant re tent ion 
screens and the  zero-g retent ion reservoirs  t o  sa t i s f ac to r i ly  maintain 
propellants over t he  sump tank ou t l e t s  ( feedl ine i n l e t s ) .  

It should be noted t h a t  because of loading problems (Propellant 
Loading sec t ion) ,  t h e  ul lage volume exis t ing  at the  no RCS ullage set- 
t l i n g  start was  less than planned, par t icu lar ly  f o r  oxidizer,  where the  
ullage volume was  reduced by approximately 2 cubic feet from nominal. 
This means tha t  t he  no RCS ullage s e t t l i n g  start tes t  w a s  not conducted 
under t h e  most severe conditions. 

Service Propulsion Subsystem Long-Duration Burn 

This objective has as i ts  purpose the  determination of t he  e f f ec t  
of burn duration on SPS performance. 
f i ed  i n  the  mission requirements for t h e  evaluation of t he  success or 
failure of t h i s  objective.  These data are compared t o  the  r e su l t s  of 
the  f l i g h t  i n  t ab le  V I .  Based on the  analysis of these data ,  a l l  suc- 
cess c r i t e r i a  were s a t i s f i e d  except SC number .3. The PUGS accuracy was 
not s a t i s f i e d  because of a tendency t o  d r i f t  f o r  both oxidizer and f u e l  
systems. 
e r ror  by 1 percent. 

Four success c r i t e r i a  were speci- 

I n  addition, t he  indicated fuel sump depletion r a t e  was i n  

CONCLUDING REMARKS 

The performance of Spacecraft 017 service propulsion subsystem dur- 
ing the Apollo 4 mission w a s  analyzed using the  Apollo Propulsion Anal- 
y s i s  Program. 
only f o r  t he  portion of t he  burn after crossover (storage tank depletion).  
The resu l t ing  engine f l i g h t  performance obtained from the  analysis program 
f o r  a f t e r  crossover, more spec i f ica l ly  a t  O8:14:00 range time, was deter-  
mined t o  be as  follows: 

A sa t i s fac tory  correlat ion of t he  f l i g h t  data  was  achieved 

1. Thrust - 21 414 pounds 

2. Specif ic  impulse - 311.76 seconds 

3. Mixture r a t i o  - 2.014 
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These values, corrected t o  standard i n l e t  conditions, resulted i n  the  
following values: 

1. Thrust - 21 503 pounds 

2. Specific impulse - 312.06 seconds 

3. Mixture r a t i o  - 2.807 

These values a re  0.01percent higher, 0.27 percent lower, and 0.37 per- 
cent higher, respectively,  than the  acceptance t e s t  log results ( a l so  
reported a t  standard i n l e t  conditions).  
above analysis r e s u l t s  i s  estimated t o  be 0.50 percent f o r  t h rus t  and 
spec i f ic  impulse and 1.8 percent fo r  mixture r a t i o .  The uncertainty of 
t he  acceptance tes t  values i s  even greater  thus the  agreement i s  w e l l  
within the  expected tolerances.  

The uncertainty (30) of the  

The Apollo 4 service propulsion subsystem operation was nominal and 
t h e  two de ta i led  tes t  objectives,  no ullage start and long-duration burn, 
w e r e  accomplished t o  a sa t i s fac tory  degree. 



Iu 
N 

TABLE I.- FLIGHT DATA USED I N  ANALYSIS PROGRAM 

Measurement number 

SPO009P 

SPOOlOP 

SPO655Q 

sP06 5 6Q 

SP0657Q 

SP06 5 8Q 

~ ~ 0 6 6 1 ~  

CGOOOLV 

Description 

Pressure, main valve engine oxidizer i n l e t  

Pressure, main valve engine f u e l  i n l e t  

Quantity, oxidizer tank 1 primary 

Quantity,  oxidize? tank 2 primary 

Quantity,  f u e l  tank 1 primary -0 t o  8000 l b  

Qual i ty ,  f u e l  tank 2 primary 

Pressure, engine chamber 

Computer d i g i t a l  data 40 b i t s  

Nominal data range 

0 t o  300 ps i a  

0 t o  300 ps i a  

0 t o  16 000 l b  

0 t o  16 000 l b  

0 t o  8000 lb 

0 t o  8000 l b  

0 t o  8000 l b  

0 t o  150 ps i a  



TABLE 11.- SERVICE PROPULSION SUBSYSTEM SYSTEM PERFORMANCE SUMMARY, APOLLO 4 MISSION 

Nominal 

Approx 181 

Approx 154 
Approx 154 
Approx 100 

Approx 181 

Approx 45.8 
Approx 22.9 

!.OO * 1 percent 
313 min. 

21 500 * 1 per- 
cent 

Measurement and 
perforhance parameters 

Measured 

175 
180 

153.5 
154.0 
96.0 

-- 
-- -- 
-- -- 

[easurement description 

SP0003 - oxidizer tank pressure, psia . . . . 
~ ~ 0 0 0 6  -fuel tank pressure, psia . . . . . . 
SP0009 -oxidizer inlet pressure, psia . . . 
SPOOlO - fuel inlet pressure, psia . . . . . 
~~0661- engine chamber pressure, psia . . . 

‘alculated performance parameters 

Oxidizer flow rate, lb/sec . . . . . . . . . . 
Fuel flow rate, lb/sec . . . . . . . . . . . . 
Propellant mixture ratio . . . . . . . . . . . 
Vacuum specific impulse, sec . . . . . . . . . 
Vacuum thrust, lb . . . . . . . . . . . . . . 

Value 

SPS first burn 

Preflight 
prediction 

(C) 

181 
181 
152 
155 
98.2 

44.56 
22.67 
1.96 

20 958 
311.7 

aAfter propellant crossover. 
bActual values from Apollo Propulsion Flight Analysis Computer Program at 08:lk:OO range time. 
‘Internal note MSC-EF-R-67-33 - AS-501 SPS Preflight Report, 11 October 1967. 

Measured 

176 
175 

158.8 
158.6 
101.0 

-- 
-- 
-- 
-- 
-- 

SPS second burn 
(a) 

Analysis 
results 

(b) 

183.2 
182.6 
157.9 
158.5 
101.3 

45.89 
22.79 
2.014 
311.76 
21 414 

Preflight 
prediction 

(C) 

181 
181 
156 
158 
99.9 

45.57 
22.91 
1.99 
311.5 
21 334 

Iu w 
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AS-501 As-202 As-202 
f i rs t  burn four th  burn As-501 SPS engine 031 AS-501 Parameter first burn second burn acceptance test 

S t a r t  t r a n s i e n t  t o t a l  vacuum 
impulse from FS-1 t o  90 per- 
cent s teady-state  t h r u s t ,  
IbF- s ec . . . . . . . . . . . . 190 .o 355.1 227 -- -- 

Time from FS-1 t o  90 percent 
s teady-state  t h r u s t ,  s e c  . . . 0.41 0.35 0.351 -- -- 

Engine run-to-run start repeat- 
a b i l i t y ,  lbF-sec . . . . . . . 273 f a0 273 f a0 -- -- -- 

Shutdown t r a n s i e n t  t o t a l  vac- 
uum impulse from FS-2 t o  
10 percent s teady-state  
th rus t ,  IbF-sec . . . . . . . . 10 700 12 680 9450 -- -- 

Time from FS-2 t o  10  percent 
s teady-state  t h r u s t ,  sec  . . . 0.80 0.89 0.751 -- -- 

Engine run-to-run shutdown re- 
p e a t a b i l i t y ,  IbF-sec . . . . . 11 690 f 995 11 690 f 995 -- -- -- 

Shutdown t r a n s i e n t  t o t a l  vac- 
uum impulse from FS-2 t o  0 per- 
cent  t h r u s t ,  IbF-sec . . . . . 11 120 13 070 -- 10 700 l o  000 

Time from FS-2 t o  0 percent -- -- -- t h r u s t ,  sec  . . . . . . . . . . 1.79 1.50 ~ 

TABLF: 111.- SERVICE PROPULSION SUBSYSTEM ENGINE TRANSIENT ANALYSIS SUMMARY 

Speci f ica t ion  
values 

100 t o  400 

0.350 t o  0.550 

+loo 

8000 t o  13 000 

0.650 t o  0.900 

2300 

-- 

-- 



Mission 

As-201 

As-202 

Apollo 4 

TABLE 1V.- SERVICE PROPULSION SUBSYSTEM BIPROPELLANT VALVE RESPONSE 

AND CHAMBER PRESSURF: OVERSHOOT CHARACTERISTICS 

Burn 

F i r s t  

Second 

F i r s t  

Second 

Third 

Fourth 

F i r s t  

Second 

Bipropellant valve response time, sec 

Valve no. 1 
(SP0022 1 

0.62 
( a )  
.60 
70 

.80 

(b)  
60 

.65 

Valve no. 2 
(SP0023 

0.50 
(a)  
.20 

* 30 

.30 

(b) 

.40 

.60 

Valve no. 3 
(SP0024) 

Valve no. 4 
(SP0025 ) 

Chamber 
pres sure 

Overshoot, 
percent 

32.7 

( a )  

39.0 
25.0 
26.0 

(b )  

49.5 
34.5 

% e l i m  ingestion precluded a meaningful evaluation of t h i s  regime. 

bData acquired at igni t ion were invalid.  



TABLE V.- SERVICE PROPULSION SUBSYSTEM NO-ULLAGE START OBJECTIVE 

Success c r i t e r i a  

1. Sta r t  t ransient  t o t a l  impulse from onset of e l e c t r i c a l  
command t o  90 percent steady-rated th rus t  must be within Master 
End Item Specification SID 64-1237 , paragraph 3.4.1.3.4.1.4.7.2 

2. The engine must develop 90 percent steady-state t h rus t  within 
0.4 t o  0.6 second a f t e r  onset of the e l e c t r i c a l  command s ignal  
t o  the p i l o t  valve. 

3. During s t a r t i ng ,  the fue l  and oxidizer pressures a re  within 6 p s i  
of each other. During steady-state engine operation, t he  f u e l  
is  furnished t o  t h e  propellant interface at  163 f 4 ps i a  and 
the oxidizer i s  furnished t o  the propellant interface at 160 f 

a 4 psia. 

4. The steady-state t h rus t  and mixture r a t i o ,  extrapolated t o  
r e f l e c t  nominal engine valve i n l e t  propellant supply 
conditions, are  t o  be within '1 percent of 21 500 pounds 
and 2.00, respectively. 

5 .  The t ransient  s t a r t i n g  chamber pressure i s  not greater  than 
120 percent of nominal chamber pressure. 

Test value 

I = 190 IbF-sec 

A t  = 0.41 

AP = 2.6 ps i a  

not available 
Interface pressures 

-- 

= 149 percent e M a  

Remarks 

Passed 

Passed 

Passed 

Passed 

Failed 

%&lues specified are incorrect.  True values a re  fuel 170 f 4 psia  and oxidizer 164 f 4 psia.  

.I 



TABLE V I . -  SERVICE PROPULSION SUBSYSTEM LONG-D'URATION BURN OBJECTIVE 

Success c r i t e r i a  

1. During steady-state engine operation, the  f u e l  i s  fur- 
nished t o  the  propellant in te r face  a t  163 * 4 ps i a  and 
the  oxidizer i s  furnished t o  the  propellant in te r face  

at 160 * 4 psia .  a 

2. The steady-state t h rus t  and mixture r a t i o ,  extrapolated 
t o  r e f l e c t  nominal engine valve i n l e t  propellant sup- 
ply conditions, a re  t o  be within '1 percent of 
21  500 pounds and 2.00, respectively.  

3. Propellant u t i l i z a t i o n  gaging system accuracy ( a f t e r  
correction f o r  PUGS b ia s )  must be within 0.35 percent 
of f u l l  tankage capacity +0.35 percent of propellant 
remaining (applies separately t o  oxidizer and f u e l ) .  

4. Shutdown impulse i s  t o  be within 8000 t o  13 000 lb-sec. 

Test value 

pI0 = 163.9 

PIF = 169.4 

F = 21 503 

MR = 2.007 

See discussion 

12 690 

Remarks 

Passed 

Passed 

Passed 

Passed 

Fai led 

Passed 

a Values specif ied a re  incorrect .  True values are f u e l  170 * 4 ps i a  and oxidizer 164 * 
4 psia .  
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Figure 1.- Service propulsion subsystem configuration. 
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Figure 2. - Oxidizer system pressures -first burn. 
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Figure 3. - Fuel system pressures -first burn. 
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Figure 5.- Oxidizer system pressures - second burn. 
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6.- Fuel system pressures - second burn. 
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Figure 7.- Engine chamber pres sure - second burn a 
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8. - Oxidizer quant i t ies  - second burn. 

t 





Figure 9.- 



43 

Figure 9.- Fuel primary quantities - second burn. 
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APPENDIX 

LISTING OF SPS AS-501 DATA INPUT 

FOR APOLLO PROPULSION FLIGHT ANALYSIS PROGRAM 
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